Previous work has shown that attachment of Vibrio harveyi to chitin is specific and involves at least two chitin-binding peptides. However, the roles and regulation of these chitin-binding peptides in attachment are still unclear. Here we show that preincubation with the oligomeric sugars composing chitin stimulated chitinase activity, cellular attachment to chitin, and production of chitin-binding peptides. One of these peptides, a 53-kDa peptide, is produced constitutively and appears to mediate initial attachment to chitin. Synthesis of another peptide, a 150-kDa chitin-binding peptide, is induced by chitin and thus may be involved in time-dependent attachment. Coordinated regulation of attachment and degradation of chitin may give bacteria like V. harveyi a selective advantage over other bacteria in nutrient-poor aquatic environments.
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Bacterial attachment is often an essential initial step in colonization of host tissues and subsequent establishment of infection in pathogenic systems. Attachment can be a highly specific process that involves fimbrial or nonfimbrial proteins on the outer membrane of the bacterium (8, 10) . These adhesive proteins, or adhesins, recognize and anchor the bacterium to carbohydrate moieties on cell surfaces of host tissues. Synthesis of adhesins can be induced by several environmental factors, including temperature (7) and composition of the growth medium (6) . The regulation of some adhesive proteins has been examined at the molecular level (for examples, see references 5, 9, 12, and 20) .
Compared with the substantial body of literature concerning bacterial attachment to living tissue, there are few studies of specific attachment to nonliving surfaces. We do know that attachment to amylose is mediated by outer membrane proteins. Production of these proteins is induced by maltose and other amylose oligomers (1, 2) . Similarly, several bacterial strains attach to (11) and degrade cellulose by using an outer membrane-associated structure, the cellulosome (13), which is a multiprotein complex composed of both cellulose-binding proteins and cellulases (3) . Production of cellulosomes is induced by cellobiose and other cellulose oligomers and is catabolically inhibited by glucose (3) . Bacterial attachment to other complex polysaccharides is probably also specific, involving binding proteins associated with the outer membrane of the cell.
In a previous paper (15) , we provided evidence to show that attachment of the marine bacterium Vibrio harveyi to chitin is specific and is mediated by one or more peptides associated with the outer membrane of the cell. Two such chitin-binding peptides (with molecular masses of 53 and 150 kDa) were overproduced in a transposon-generated mutant (4) that showed higher levels of attachment to chitin than the wild type (15) . An antichitinase serum inhibited bacterial attachment when preincubated with the cells prior to exposure of the cells to chitin (15 overproduced in the mutant (15) , which suggests that these peptides mediate attachment.
However, the roles of the various chitin-binding peptides in attachment of V. harveyi to chitin are still not clear. Here we investigated the induction of chitin-binding peptides and chitinases in V. harveyi to begin determining the function and regulation of membrane proteins that mediate specific attachment and subsequent degradation of chitin. We found that the 53-kDa peptide appears to mediate initial attachment to chitin, whereas the 150-kDa chitin-binding peptide is inducible and may be involved in the later stages of attachment. This specific attachment may be important in the degradation of chitin and other types of particulate carbon in nutrient-poor aquatic environments.
MATERIALS AND METHODS
Attachment assay. V harveyi BB7 cells were radiolabelled with [3H]thymidine (NEN Research Products, Boston, Mass.) and used in an attachment assay with chitin particles, as described elsewhere (15) . Radiolabelled cells were incubated with various concentrations of glucose, sucrose, lactose, glucosamine, N-acetylglucosamine (GlcNAc), chitobiose [(GlcNAc)2], and chitotriose [(GlcNAc)3] to determine the effects of these sugars on attachment to chitin particles. Cells were preincubated with the sugars (30 min), and then attachment to chitin particles (incubation time of 10 min) was measured.
Chitinase activity. Methylumbelliferyl chitobioside (Sigma) was used to measure chitinase activity (16) . We added 10 RI of 5 mM methylumbelliferyl chitobioside dissolved in dimethylformamide to 1 ml (final volume) of sample in a solution containing 25 mM Tris buffer (pH 7.5) and 150 mM NaCl (TBS). The sample was incubated for 3 h at 30°C before fluorescence was measured (primary filter, <365 nm; secondary filter, <460 nm). The fluorochrome concentration was calculated by using a standard curve generated with methylumbelliferone (Sigma). One mole of methylumbelliferone was released for every mole of substrate hydrolyzed.
Immunoblotting. Polyclonal antiserum (rabbit) was raised against the 85-kDa chitinase by using standard immunological procedures as previously described (15) . To examine production of chitin-binding proteins, a wild-type V harveyi strain (BB7) was grown to a density of 5 x 107 cells ml-' in LM broth (30°C). Cells in 1 ml of culture were rinsed three times with a solution containing 10 mM NH4Cl and 10 mM phosphate buffer (pH 7.5) in artificial seawater (15) (1 ml each rinse) prior to 30 min of incubation with sugars (25°C; 130 rpm). Cells were frozen before immunoassay.
Cells were centrifuged (10,000 x g), and protein was extracted from the pellet for use in immunoblots by boiling in loading buffer for 10 min. Protein samples (6 ,ug in 200 RIl of TBS) were bound to Immobilon-P membranes by using a Bio-Dot blot apparatus (Bio-Rad). Samples were gravity filtered through the membrane on a shaker table before a vacuum was used to filter excess sample. All wells were then rinsed with 200 ,ul of TBS for 15 min. The vacuum was applied again, and the membrane was removed. Nonspecific proteinbinding sites were blocked with 1% Carnation nonfat milk in TBS for 30 min.
The blot was then probed with antichitinase serum (diluted 1:1,000), and antigen was detected by using goat anti-rabbit immunoglobulin G conjugated with alkaline phosphatase (Boehringer Mannheim). The dots were cut with a hole puncher (to keep the dot surface area constant) and incubated for 45 min (30°C) in 1 ml of a solution containing 150 mM carbonate-bicarbonate buffer (pH 9.2), 4 mM MgCl2, and 50 mM methylumbelliferone-PO4. The amount of released methylumbelliferone was measured fluorometrically to determine the alkaline phosphatase activity. There was a linear relationship between alkaline phosphatase activity of the dot blot sample and known amounts of chitinase.
To monitor changes in the abundance of cross-reacting proteins of different molecular sizes, cells were grown as described above, exposed to chitin (2.5 mg ml-1), and harvested over time. After extraction as described above, total proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to Immobilon-P, which was then blocked with Carnation instant milk. Two strips of the Immobilon-P were cut out and probed with antichitinase as described above. One strip contained 53-kDa peptides, and another contained all peptides between 85 and 150 kDa. The cross-reacting peptides in these two strips were quantified as described for the total protein blots.
To examine changes in the abundance of various crossreacting peptides between 85 and 150 kDa, cells were grown and exposed to glucose, chitobiose, and chitin for various times and then harvested as described above. Whole-cell extracts were separated by SDS-PAGE and transferred to Immobilon-P membranes. As in standard Western immunoblots, intact membranes were probed with antichitinase and then goat anti-rabbit immunoglobulin G conjugated with alkaline phosphatase. Cross-reacting peptides were visualized colorimetrically with two substrates for alkaline phosphate, 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium (16 (Table 2 ). The stimulation by chitobiose ranged from 28% to a maximum of 64% at 2 mM compared with a control with no chitobiose additions. Chitotriose stimulated chitinase activity by 14 to 36%, although the stimulation did not increase significantly with increasing concentrations of chitotriose. Chitinase activity was not stimulated by 0.6 mM GlcNAc, but activity did increase by 29 to 60% with increasing GlcNAc concentration. In contrast, preincubation of V harveyi with glucose or sucrose had no effect on chitinase activity in whole-cell extracts ( Table 2 ). The effects of lactose and glucosamine were variable, and stimulation was observed in a few samples at the lowest concentrations tested (Table 2 ). In any case, the largest stimulation was observed with chitobiose; this was similar to the results of a previous study with V. harveyi (19) .
The antichitinase serum cross-reacts with at least two chitinbinding peptides (53 and 150 kDa) of V. harveyi, and it was used to quantify these peptides (15) . Relative to that in the uninduced control, the total amount of chitin-binding peptides increased by 21 to 199% with increasing concentrations of (Table 3) . Preincubating the cells with glucose, sucrose, lactose, and glucosamine did not increase (stimulation, <20%) the concentrations of these cross-reacting peptides in V. harveyi cell extracts at any sugar concentration tested (Table 3 ). There was some stimulation of these peptides with 0.6 and 1 mM GlcNAc (30% ± 6% and 29% ± 11%, respectively). Induction by chitin and cellulose particles. We measured the attachment, chitinase activity, and chitin-binding peptides (cross-reacting with antichitinase serum) of bacteria incubated with chitin or cellulose. About 10% of the added cells of the wild-type V harveyi strain attached within 1 min of exposure to chitin particles (Fig. 1A) . Bacterial attachment increased over time until 150 min, at which point nearly 40% of the added cells were associated with the chitin particles (Fig. 1A) . Chitinase activity did not increase above constitutive levels for the first 60 min (Fig. 1B) . After 60 min, chitinase activity increased greatly and was higher for cells that were exposed to chitin than for cells incubated with cellulose (Fig. 1B) .
In contrast to the time lag before chitinase activity was observed, the total amount of peptides cross-reacting with antichitinase increased in cells within 15 min of addition of chitin particles, and the amounts of these peptides continued to increase over time; except for two samples, no increase over constitutive levels was observed with cells incubated with cellulose (Fig. 1C) . Figure 1C presents results relative to those for uninduced controls (time zero samples), which is important to note because the 53-kDa peptide was observed in uninduced cells at time zero. The amount of this peptide remained constant over time (Fig. 2) . In contrast, larger peptides (85 to 150 kDa) were initially undetectable, but then they increased in amount over time (Fig. 2) .
To examine changes in these larger peptides in greater detail, cells were incubated with glucose, chitobiose, or chitin, and over time whole-cell extracts were separated by SDS-PAGE, transferred to Immobilon-P membranes, and probed with antichitinase. This immunoblot revealed that the increase in the levels of the larger peptides (85 to 150 kDa) after exposure to chitin was due to an increase in the levels of 102-, 120-, and 150-kDa cross-reactive peptides (Fig. 3) . We have not observed the 85-kDa chitinase in immunoblots, although it can be observed in zymograms (14, 15) . Induced production of cross-reacting peptides, but constitutively produced chitinases and cross-reacting chitin-binding peptides were present at time zero (Fig. 2  and the text) .
the large cross-reacting peptides occurred with chitobiose as well as with chitin (Fig. 3) . Incubation with glucose (4 mM) did not stimulate production of the cross-reactive peptides over time ( Fig. 3; Table 3 ). The immunoblot presented in Fig. 3 also demonstrates that the 53-kDa peptide was present in uninduced cells and did not appear to change in abundance after exposure to chitin.
DISCUSSION
We previously demonstrated that attachment of V harveyi to chitin is specific and involves at least two chitin-binding peptides with molecular masses of 53 and 150 kDa (15) . As further evidence for specific attachment of V. harveyi to chitin and of the specific roles of these peptides, we now show that 
